Aims/hypothesis. Low cardiorespiratory fitness is a powerful and independent predictor of mortality in people with diabetes. Several studies have examined the effects of exercise on cardiorespiratory fitness in Type 2 diabetic individuals. However, these studies had relatively small sample sizes and highly variable results. Therefore the aim of this study was to systematically review and quantify the effects of exercise on cardiorespiratory fitness in Type 2 diabetic individuals. Methods. MEDLINE, EMBASE, and four other databases were searched up to March 2002 for randomized, controlled trials evaluating effects of structured aerobic exercise interventions of 8 weeks or more on cardiorespiratory fitness in adults with Type 2 diabetes. Cardiorespiratory fitness was defined as maximal oxygen uptake (VO 2max ) during a maximal exercise test.
exercise tests years apart, improvement over time in cardiorespiratory fitness was associated with lower subsequent mortality rates, and deterioration in cardiorespiratory fitness over time was associated with higher subsequent mortality rates [5, 6] .
The determination of VO 2max in people with Type 2 diabetes could be of particular interest since it has been suggested that people with Type 2 diabetes, even in the absence of known complications, have a reduced VO 2max compared to age, body mass and activity matched controls [7, 8] . Furthermore, many characteristics of skeletal muscle are associated with both low insulin sensitivity and low cardiorespiratory fitness (i.e. decreased capillary density, decreased proportion of Type 1 muscle fibres, higher glycolytic to oxidative enzyme ratio) [8, 9, 10, 11, 12, 13, 14, 15] .
In addition to having beneficial effects on hyperglycaemia, hypertension and dislipedaemia, physical activity is essential for the management of Type 2 diabetes because it is the only intervention that directly affects cardiorespiratory fitness. Cardiorespiratory fitness is determined both by habitual exercise levels and by genetic factors, and individual improvements in cardiorespiratory fitness can vary greatly in response to identical structured aerobic exercise programs [16] . There is no reason to suspect that the condition of diabetes itself (in the absence of neuropathy, cardiovascular disease and orthopaedic limitations) affects the capacity of VO 2max to change in response to exercise training. However, the VO 2max response to exercise training in people with Type 2 diabetes could be different from what is expected in the non-diabetic population since people with Type 2 diabetes have lower initial physical activity levels [17] , lower initial VO 2max [7, 8] and perhaps a common genetic predisposition to both Type 2 diabetes and low physical fitness.
Given the association between improvement in cardiorespiratory fitness and reduced subsequent mortality in people without diabetes, even after adjustment or stratification for other known risk factors for mortality, it is clinically important to determine the extent to which cardiorespiratory fitness can be improved in people with diabetes using structured exercise programs. Unfortunately previous randomized control trials that have measured the effects of structured exercise training on VO 2max in adults with Type 2 diabetes have had small sample sizes and have led to variable results [18, 19, 20, 21, 22, 23, 24] . Therefore, the main objective of this study is to use the meta-analysis procedure to systematically review the effects of exercise training on VO 2max . A meta-analysis is a rigorous process involving the systematic identification, appraisal, synthesis, and statistical aggregation of all relevant studies on a specific topic according to a predetermined and explicit method [25] .
We recently published a meta-analysis showing that structured exercise interventions improve glycaemic control as reflected in HbA 1c , while having little effect on body weight [26] . As higher HbA 1c is a key predictor of risk for both microvascular and macrovascular complications of diabetes, and structured exercise programs reduce HbA 1c , we also wished to examine the relative importance of exercise intensity and exercise volume in determining changes in HbA 1c through exercise programs.
Subjects and Methods
Criteria for considering studies for the meta-analysis. The search strategy was developed to identify all relevant randomized clinical trials that included a structured aerobic exercise intervention in adults with Type 2 diabetes and a concurrent non-exercising Type 2 diabetic control group. Studies including a large resistance exercise component were excluded. If studies reported data for which it was impossible to discriminate between individuals with Type 2 diabetes and those with impaired glucose tolerance, we attempted to contact authors for the individual patient data.
All studies included in the meta-analysis were required to be at least 8 weeks in duration and include VO 2max measurements at baseline and at the end of the intervention period. To be considered valid, the maximal oxygen consumption values were required to be obtained during a maximal exercise test with either direct measures of oxygen consumption or a validated estimation of oxygen consumption. By definition, VO 2max could not be exceeded, even with an increase in exercise intensity. However, in a clinical setting with older sedentary patients, a plateau in oxygen consumption is rarely achieved because of factors such as leg fatigue and discomfort. Therefore, it is customary to refer to VO 2max as the peak oxygen consumption during incremental exercise [1] .
An exercise intervention was defined as a predetermined supervised program consisting of continuous aerobic physical activity, described within the corresponding manuscript. We confined our analysis to structured, supervised interventions rather than studies in which people were simply encouraged to exercise on their own, because in unsupervised exercise it would be problematic to estimate exercise intensity and volume. In order to be included, studies in which qualified personnel did not directly supervise exercise sessions were required to assess compliance using exercise diaries. Studies that included drug co-intervention were excluded from the analysis.
Search strategy for identification of studies. We carried out computer-based searches up to and including March 2002 (MEDLINE, EMBASE, Sport Discuss, Health Star, Dissertation Abstracts and the Cochrane Controlled Trials Register). The reference lists of major textbooks, review articles and of all included articles identified by the search were hand searched to find other potentially eligible studies. Potential missing articles and unpublished literature were sought from contact with experts in the field. Studies were not excluded due to their language of publication.
The computer-based search strategy included common text words and Medical Subject Headings (MeSH) terms related to exercise and Type 2 diabetes. The MEDLINE and EMBASE searches were limited to human subjects and utilized a validated and highly sensitive search filter for randomized controlled trials [27] .
Data extraction. Data were extracted in duplicate and entered in Review Manager (RevMan 4.1, Cochrane Collaboration, Oxford, UK), statistical software from the Cochrane Collaboration which permits double data entry for accuracy. The primary authors of potentially eligible studies were contacted when necessary to resolve ambiguities in their reported methodologies or results, and to seek additional pertinent information that could have been gathered but not described in the published manuscript. In one case, the post-intervention standard deviations (SD) were not available [18] . In this case we imputed the baseline standard deviation. This was assumed to be valid since baseline and post-intervention standard deviation were found to be similar within other trials. In one study [20] , means and measures of dispersion were approximated from figures in the manuscripts using an image scanner (Compaq RT6l5CTW, resolution 200 dpi, Compaq Computer Corp, Houston, Tex., USA), as described previously [28] .
The characteristics of the exercise interventions were extracted, including the type, frequency, duration, intensity and energy cost. The Compendium of Physical Activities was used to estimate the exercise intensity in terms of metabolic equivalents (METs) [29] . One MET corresponds to an oxygen consumption of 3.5 ml O 2 ·kg -1 ·min -1 . Exercise volume, or total energy expenditure on exercise (total MET·hrs) was calculated by multiplying the intensity in METs by total time spent exercising (number of exercise sessions multiplied by duration of each exercise session). The relative exercise intensity (percentage of VO 2max ) was extracted directly from studies or estimated from the exercise heart rates according to previously established guidelines [30] . The methodological quality of each included trial was assessed using a validated five-point scale [31] . This instrument assigned scores for reported randomization, blinding and withdrawals. In addition to this quality scoring, we recorded separately whether allocation concealment was adequate [32] .
Statistical analysis. Statistical analysis was done using Review Manager Software (RevMan 4.1, Cochrane Collaboration, Oxford, UK) and JMP Software 3.1.6.2 (SAS Institute, Cary, N.C., USA). In each study the size of the effect of the intervention was calculated by the difference between the means of the exercise and control groups at the end of the intervention period. Each mean difference was weighted according to the inverse variance method [33] . Since VO 2max was reported in different units (ml·kg -1 ·min -1 or L·min -1 ) the mean differences were standardized by dividing them by the within-group standard deviation. The standardization of these units was assumed to be valid since there were no changes in body weight during the trials [26] . The overall result is known as the standardized mean difference. The standardized mean differences in each study were pooled with a random effects model [34] . The Chi-square test for heterogeneity was done, and when statistically significant heterogeneity was found, subgroup analyses were carried out to attempt to explain the heterogeneity between the studies.
We did a meta-regression analysis to explore which characteristics of the exercise programs best predicted the post-intervention standardized mean difference in VO 2max or the post-intervention mean difference in HbA 1c . In all meta-regression analysis models, each study was assigned a weight according the inverse of the variance of the dependant variable [33] . Exercise characteristics such as exercise frequency (sessions/week), absolute intensity (METs), relative intensity (%VO 2max ), duration (weeks), length (min/session), weekly exercise volume (MET·h per week) and total exercise volume (MET·h) were entered as independent variables in regressions models with the post-intervention standardized mean difference in VO 2max or the post-intervention mean difference in HbA 1c as the dependent variable. A p value of less than 0.05 was considered statistically significant.
Results
Description of included trials. The computer search initially yielded over 3000 potential articles. The literature search was not designed to initially limit the search results to studies with VO 2max data, and the large majority of these articles were subsequently found to be ineligible because of the absence of VO 2max measures. The other principal reasons for the exclusion of trials were: (i) the absence of a randomized control group, (ii) the short duration of the study (<8 weeks), (iii) subjects without Type 2 diabetes, (iv) non-human subjects, (v) unstructured/unsupervised lifestyle intervention.
Of the studies otherwise meeting the inclusion criteria, two trials (three articles) were not included since the fitness test was not a maximal aerobic test [35, 36, 37] , three trials (four articles) were excluded because they included a large resistance training component combined with non-continuous aerobic exercise [38, 39, 40, 41] and two articles were excluded since we were unable to differentiate between subjects with and without diabetes [42, 43] . Four of the potential articles did not have baseline and post-training VO 2max data available [44, 45, 46, 47] while one trial (two articles) measured post training VO 2max 6 months after the initiation of the 10-week exercise intervention [48, 49] and was therefore excluded. Articles were also excluded for the following reasons: one because the exercise intervention alternated between 3 months of exercise and 3 months without exercise [50] , one because the intervention did not result in an increase in physical activity [51] and one because the control group was substantially different from the exercise group (the control group was composed of less healthy people who could not exercise due to musculoskeletal problems, asthma or hypertension) [52] .
Eventually there were 15 eligible articles, but there were several multiple publications from the same trials [53, 54, 55, 56, 57, 58, 59, 60] . Therefore, there were actually seven trials with appropriate VO 2max data that were included in the analysis. Two of these trials presented data for two comparisons (Table 1) , therefore nine comparisons were included. One of these trials [18] had a 2×2 factorial design in which participants were assigned to four groups (Exercise, Diet, Exercise + Diet and Control). For this trial we were able to analyze two comparisons: (i) exercise and diet compared with diet alone, (ii) exercise alone compared with control. The second trial that had more than one comparison analyzed the data separately for men and women [21] , we will refer to these comparisons as Vanninen (men) and Vanninen (women) .
A total of 266 participants were included in the seven trials that measured maximal oxygen consumption. The mean age of participants in studies for which this information was available was 55.7 years, the mean duration of diabetes was 4.1 years, and 40% of partici- ).
The standard deviations are placed in ( ) whereas the ranges are placed in [ ]. The mean age, sex and duration of diabetes were weighted by sample size pants were female ( Table 1 ). The quality of the trials according to a previously validated scale [31] was moderate to low. The mean score was 1.9±0.4 out of a possible five points. All of the trials were randomized controlled trials, none of the trials was double blinded or had adequate allocation concealment. Five trials had adequately described dropouts [18, 19, 22, 23, 24] , there were no dropouts in one of the studies [20] , and one of the studies did not comment on dropouts [21] . The compliance to the exercise interventions was relatively high. In four studies [18, 19, 22, 24 ] the mean participation rate was above 90%, one article [23] simply indicated that compliance was good and one study did not comment on compliance [20] . In one study [21] , compliance was relatively low. The proportion of participants participating in regular recreational exercise was increased to a higher level in the intervention group (41%) compared to the control group (19%) but the difference was not statistically significant [21] .
The exercise interventions in each study are described in Table 1 . The exercise interventions included The intensity of aerobic exercise was moderate in most studies and typically consisted of walking or cycling. One study added light resistance training with elastic bands (TheraBand) to their aerobic training program [19] . As expected, most studies did not describe having specific criteria, such as the ACSM criteria [61] , to establish a true VO 2max . The only study that did describe criteria for reaching a true VO 2max value indicated that VO 2 did not reach a plateau in most participants [24] . Therefore, the VO 2max values reported most likely represent VO 2peak rather than true VO 2max .
Effects of exercise on VO2max. For the 212 participants in whom data were presented as ml·kg -1 ·min -1 the mean baseline VO 2max was 22.4 ml·kg -1 ·min -1 . Since some studies reported VO 2max values in ml·kg -1 ·min -1 and others reported in L·min -1 , it was necessary to pool the data using standardized mean difference rather than weighted mean difference. Standardized mean VO 2max at baseline was equal between control and intervention groups. Mean post-interven- tion VO 2max was higher in exercise groups compared to control groups (standardized mean difference =0.53 SD, p=0.003) (Fig. 1) . When considering the weight assigned to each study, this corresponds to an 11.8% increase in VO 2max in the exercise group and a 1.0% decrease in the control group. The calculation was done with a random effects model since the Chisquare test suggested a tendency towards heterogeneity (i.e. that the effect of exercise on VO 2max across studies was not homogeneous). This heterogeneity was mostly explained by the larger increase in VO 2max in one study [24] . In this study, the participants who were assigned to the exercise were training at relatively high intensities compared to the other studies (Table 1) and VO 2max increased by 40.9% in the exercise group and did not change in the control group (post intervention standardized mean difference =1.97 SD, p=0.0004). In contrast, in the eight comparisons with exercise intensities less than or equal to 70% of VO 2max there was a much smaller 9.5% (range: 2.6%-18.4%) increase in VO 2max in the exercise group (post intervention standardized mean difference =0.40 SD, p=0.003). A sensitivity analysis revealed no differences between the trials that measured VO 2max directly [18, 20, 21, 24] and those that calculated VO 2max according to validated equations [19, 22, 23] .
Meta-regression analyses.
The association between estimated exercise intensity (%VO 2max ) and the standardized mean difference in VO 2max was of borderline significance (r=0.60, p=0.08, Fig. 2A) . None of the other exercise characteristics, such as the exercise frequency in sessions per week (r=−0.10, p=0.79), the duration of the training program in weeks (r=−0.38, p=0.32), the length of each session in min (r=0. 28, p=0.15) , the exercise volume in MET·h per week (r=0.03, p=0.94) or the exercise volume in total MET·h (r=−0. 35, p=0.35) predicted the standardized mean difference in VO 2max . When both exercise volume (MET·h/week) and exercise intensity (%VO 2max ) were entered, only exercise intensity predicted the standardized mean difference in VO 2max (partial r=0.75, p=0.03).
The second question to address is the extent to which exercise intensity per se or the standardized mean difference in VO 2max is associated with the mean difference in HbA 1c . Eight of the nine comparisons (250 of 266 participants), had HbA 1c data [18, 19, 21, 22, 23, 24] . Baseline HbA 1c values did not differ between exercise and control subjects. The post-intervention HbA 1c values were lower in the exercise groups [weighted mean difference =−0.71, 95% confidence interval (−1.10, −0.32), p=0.0004]. For a complete description of changes in HbA 1c refer to our previous meta-analysis [26] . The relative exercise intensity (%VO 2max ) was the variable that showed the strongest association with the mean difference in HbA 1c between the exercise and the control groups (r=−0.91, p=0.002, Fig. 2B) . However, the absolute exercise intensity (METs) was not associated with the weighted mean difference in HbA 1c (r=−0. 33, p=0.42) . The relationship between exercise volume expressed as total MET·h or MET·h/week and mean differences in HbA 1c between the exercise and control group was not significant (r=−0.12, p=0.8 and r= −0.46, p=0.26, respectively). These correlations increased after eliminating the study in which adherence rates were low [21] , but were still not statistically significant. When both exercise volume (MET·h/week) and exercise intensity (%VO 2max ) were entered, only exercise intensity predicted the weighted mean difference in HbA 1c (partial r=0.89, p=0.007) .
The relationship between the post-intervention standardized mean difference in VO 2max and the postintervention weighted mean difference in HbA 1c was statistically significant (r=−0.72, p=0.04).
Discussion
As low cardiorespiratory fitness is a modifiable risk factor associated with increased mortality in people without diabetes, it is clinically important to determine the extent to which the low fitness often observed in people with diabetes is also modifiable. The present meta-analysis determined that aerobic fitness can be improved in people with Type 2 diabetes. Overall, there was an 11.8% increase in VO 2max in the exercise group and a 1.0% decrease in VO 2max in the control group. In meta-regression analysis, differences in VO 2max across studies tended to be associated with the intensity of the exercise. In the study where the exercise intensity was 75% of VO 2max [24] , VO 2max increased by 40.9% whereas the weighted average increase was only 9.5% for the studies in which exercise intensity was lower. It is also interesting to note that the study with the highest exercise intensity was also the study with the youngest participants (from 45.5±8.5 years of age). More intense exercise also produced greater improvements in blood glucose control, reflected in reductions in HbA 1c , and the study using the most intense exercise was also the one in which the greatest reduction of HbA 1c was observed (post intervention HbA 1c was 1.5% lower in the exercise group compared to the control group) [24] . Estimated total weekly energy expenditure on exercise (exercise volume) was not an important predictor of either the VO 2max or the HbA 1c response to exercise. When both exercise volume and exercise intensity were entered, only exercise intensity predicted either the HbA 1c or the VO 2max response.
Exercise could have many potential benefits other than improving cardiorespiratory fitness, including improvements in glucose disposal, insulin signalling, and lipid profile, reduction of vascular inflammation as reflected by reduced C-reactive protein, improved endothelial function and facilitation of weight maintenance. Nevertheless, cardiorespiratory fitness is an important independent modifiable risk factor in its own right. Even the modest VO 2max increase of 9.5% (corresponding to approximately 2.1 ml·kg -1 ·min -1 ) observed in the six studies with exercise intensity less than or equal to 70% of VO 2max is likely to have beneficial consequences on morbidity and mortality. In a large cohort study [5] , it was found that for every increase in Balke protocol treadmill time of 1 min, equivalent to an increase of 1.44 ml·kg -1 ·min -1 VO 2max , between two examinations there was a 7.9% reduction in overall mortality. Extrapolating from these results, the seemingly modest 2.1 ml·kg -1 ·min -1 VO 2max increase in the moderate-intensity exercise studies would be predicted to result in a 12% reduction in overall mortality. In order to obtain larger improvements in cardiorespiratory fitness, higher intensity exercise training might be necessary. It is also important to note that the increases in VO 2max induced by exercise training will only be sustained if the exercise stimulus is maintained. Therefore, active lifestyle changes must be sustained beyond these relatively short-term exercise interventions if the risk reduction is to be preserved.
Although previous small studies have suggested that patients with Type 2 diabetes had lower cardiorespiratory fitness than control subjects of similar age and body mass [7, 8] , the current meta-analysis pooling data from seven studies and 266 people with diabetes shows a surprisingly low initial VO 2max (22.4 ml·kg -1 ·min -1 ). To put this in perspective, a recent American Heart Association Scientific Statement indicates that a normal value for maximal oxygen uptake for a 50-to 59-year-old is 36±7.1 ml·kg -1 ·min -1 for men and 29±5.4 ml·kg -1 ·min -1 for women [1] . In practical terms, an activity having an intensity above 60% of VO 2max can start to be considered hard. Therefore, for a person with a VO 2max of 22.4 ml·kg -1 ·min -1 any activity above four METs (equivalent to 14 ml/kg/min) could feel hard to maintain. According to the updated compendium of physical activity most home activities are below four METs, however some activities, such as sweeping the garage, several lawn and garden activities, many home repair activities and walking up stairs could equal or exceed 4 METs [62] . The difficulty presented by a common activity such as climbing stairs could discourage people from this type of activity. Consequently, improving cardiorespiratory fitness could make many daily activities more enjoyable, improve quality of life and promote an active lifestyle.
The mean baseline VO 2max derived from our metaanalysis is not meant to be representative of all people with Type 2 diabetes. The values obtained were based on samples of people who are willing to volunteer for an exercise study and who were selected to have a minimum of cardiovascular or orthopaedic limitations.
It is therefore likely that the exercise capacity in a representative sample of people with Type 2 diabetes would be even lower than what was estimated from our study. It is possible that both low VO 2max and the occurrence of Type 2 diabetes are partly explained by a low level of habitual physical activity. Physical inactivity can lead to obesity, insulin resistance and Type 2 diabetes. Insulin resistance is associated with many abnormalities in muscle tissue such as an increase in muscle lipid content, impaired glycogen synthesis, an enzymatic disposition towards anaerobic generation of energy (high PFK/CS ratio), an increase in the proportion of Type 2 muscle fibres and a reduced capillary density [9, 10, 11, 63, 64] . These abnormalities could contribute to the lower VO 2max often seen in Type 2 diabetes. It has also been hypothesized that the lower VO 2max might be a consequence of a reduced rate of circulatory adjustments to an increased workload (i.e. cardiac output) [8, 65] , or poor diffusion and utilization of oxygen at the level of skeletal muscle [12] . Despite this, our present analysis suggests that people with Type 2 diabetes respond to exercise training with similar increases in VO 2max as those reported in older healthy adults [66] .
The quality scores of the included trials were relatively low (average score of 1.9 out of 5) on a previously validated scale for the assessment of the quality of randomized clinical trials [31] . This was primarily because none of the studies used double blinding (which may not be practical in exercise studies) or described a randomization process meeting current standards [31] . It is probably not realistic to have true double blinding in a trial with exercise as the intervention; this limitation is inherent to exercise studies. As two points in the Jadad scale reflect quality of double blinding, the maximum realistically achievable score on this scale for an exercise study would be three. Nevertheless, none of the included studies achieved a score of three, primarily because none of them described a randomization process meeting current standards. We are not aware of any studies that have shown an effect of placebo on either VO 2max or HbA 1c , so the lack of double blinding probably is not a serious threat to internal validity of the exercise trials in this meta-analysis.
In our previous meta-analysis [26] we reported no relationship between exercise intensity (estimated METs using the compendium of physical activities) [29] and HbA 1c .This earlier analysis included studies in which VO 2max was not measured (and thus intensity could not be assessed with precision) and resistance exercise studies (in which one would not expect a change in VO 2max ). In contrast, in the current metaanalysis exercise intensity was measured more precisely as a percentage of VO 2max .
Our meta-regression analyses have limitations, chiefly due to the relatively small number of studies included, the lack of individual patient data, and the fact that only one study included an unequivocally vigorous exercise intervention at 75% of VO 2max . This high intensity of exercise might prove difficult or even hazardous for many previously sedentary people with Type 2 diabetes, and we do not feel that this one study's very positive results would be sufficient to advocate high-intensity aerobic exercise for all people with diabetes. Nevertheless, we did observe a dose-response relationship between intensity of exercise and improvements in both VO 2max and HbA 1c . These findings would provide support for encouraging Type 2 diabetic individuals who are already exercising at moderate intensity to consider increasing the intensity of their exercise because of possible additional benefits in both cardiorespiratory fitness and metabolic control. Future randomized clinical trials comparing more intense to less intense aerobic exercise in Type 2 diabetic subjects could help clarify the relationship between exercise intensity and changes in metabolic control.
In conclusion, the current meta-analysis suggests that in people with Type 2 diabetes, moderate intensity aerobic exercise training increases VO 2max by about 9.5% and intense aerobic exercise can increase it much more than this. Increases of this magnitude would be expected to reduce the risk of cardiovascular disease considerably. It is encouraging that, despite initially low VO 2max , our findings using an evidence based approach suggest that people with Type 2 diabetes show statistically and clinically significant improvements in cardiorespiratory fitness in response to aerobic exercise interventions.
